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Abstract
Changes in rainfall characteristics are one of the most relevant signs of current cli-
mate alterations. Many studies have demonstrated an increase in rainfall intensity and
a reduction of frequency in several areas of the world, including Mediterranean areas.
Rainfall characteristics may be crucial for vegetation patterns formation and evolution5
in Mediterranean ecosystems, with important implications, for example, in vegetation
water stress or coexistence and competition dynamics. At the same time, character-
istics of extreme rainfall events are fundamental for the estimation of flood peaks and
quantiles which can be used in many hydrological applications, such as design of the
most common hydraulic structures, or planning and management of flood prone areas.10
In the past, Sicily has been screened for several signals of possible climate change.
Annual, seasonal and monthly rainfall data in the entire Sicilian region have been an-
alyzed, showing a global reduction of total annual rainfall. Moreover, annual maximum
rainfall series for different durations have been rarely analyzed in order to detect the
presence of trends. Results indicated that for short durations, historical series generally15
exhibit increasing trends while for longer durations the trends are mainly negative.
Starting from these premises, the aim of this study is to investigate and quantify
changes in rainfall statistics in Sicily, during the second half of the last century. Time
series of about 60 stations over the region have been processed and screened by using
the non parametric Mann–Kendall test.20
Particularly, extreme events have been analyzed using annual maximum rainfall se-
ries at 1, 3, 6, 12 and 24 h duration while daily rainfall properties have been analyzed in
term of frequency and intensity, also characterizing seasonal rainfall features. Results
of extreme events analysis confirmed an increasing trend for rainfall of short dura-
tions, especially for one hour rainfall duration. Instead, precipitation of long durations25
have exhibited a decreased trend. With regard to the spatial distribution, increase in
short duration precipitation has been observed especially in stations located along the
coastline; however, no clear and well-defined spatial pattern have been outlined by
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the results. Outcomes of analysis for daily rainfall properties have showed that heavy-
torrential precipitation tends to be more frequent at regional scale, while light rainfall
events exhibited a negative trend at some sites. Values of total annual precipitations
confirmed a significant negative trend, mainly due to the reduction during the winter
season.5
1 Introduction
The considerable impacts of climate change on our environment have led the scientific
community to a constant attention to the analysis of possible trends and their possible
implications. Change in extreme events can direct or indirectly impact natural envi-
ronments, and human activities (Kunkel et al., 1999b), as well as human health and10
safety. Over the last decades, several studies on rainfall trends have been carried out
throughout the world; such studies have investigated potential trends in different rainfall
variables, such as total annual precipitation, mean daily intensity, annual maxima for
fixed durations, and at different temporal scales, such as annual or seasonal.
Trenberth et al. (2007) provides a comprehensive view of such studies. In some ar-15
eas, analyses of daily series of the last few decades have shown a positive trend in
daily precipitation intensity and a tendency toward higher frequencies of heavy and ex-
treme rainfall (Houghton et al., 1996). The areas where precipitation have shown the
most relevant positive trends are the USA (Kunkel et al., 1999a; Trenberth et al., 2007;
Villarini et al., 2011), eastern and northeastern Australia (Plummer et al., 1999), South20
Africa (Mason et al., 1999), the UK (Osborn et al., 2000) and northern and central Italy
(Brunetti et al., 2000, 2001). Most of the areas with a positive trend in rainfall intensity
have shown an increase in total precipitation as well (Groisman et al., 1999). However,
in some areas, such as in northern Italy, an increase in heavy precipitation has been
detected simultaneously with a decreasing trend in total precipitation (Brunetti et al.,25
2001; Alpert et al., 2002). Besides the increasing trend observed in rainfall intensity,
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global observations indicate that the overall percentage of the Earth’s surface is af-
fected by either drought or excessive wetness has increased (Dai et al., 1998).
The presence of changes in heavy rainfall in the Midwest US was recently investi-
gated by Villarini et al. (2011) by using observations from 221 rain gage stations with a
record of 75 yr of daily rainfall; their results demonstrated significant temporal hetero-5
geneities in the heavy rainfall records, being related to seasonality and to the influence
of large-scale climatic factors; at the same time, results of a monotonic trend analysis
showed a slight tendency towards an increase in annual maximum daily rainfall over
time.
Interesting analyses on extreme rainfall events have been carried out by Burn et10
al. (2011), Adamowski et al. (2010) and De Toffol et al. (2009); Burn et al. (2011)
analyzed hourly rainfall data for durations of 1, 2, 6, 12 and 24 h in British Columbia;
their results have revealed generally increasing trends in extreme rainfall, especially
for the summer season and for the short duration rainfall events. With regard to urban
catchment, Adamowski et al. (2010) analyzed linear trends for different combinations15
of durations and frequencies of annual short-duration extreme rainfall, by considering
time series from 15 meteorological stations in Ontario, Canada, and short duration
rainfall of 5, 10, 15, 30min, and 1 h. For all the durations they obtained significant
increasing trends. De Toffol et al. (2009) considered the intensities over 15min, 30min,
1 h, 2 h, 12 h and 24h to investigate the changes in short duration rainfall intensities in20
the Austrian Alpine region Tyrol, relevant to urban drainage systems; they concluded
that there is an increasing trend in the rainfall intensity for short durations, and there is
a more significant increase in number of extreme rainfall events.
A number of studies are specifically addressed to the Mediterranean areas, given the
peculiar climate of such areas. The Mediterranean region is affected by interactions be-25
tween mid-latitude and tropical processes since it lies between the arid climate of North
Africa and the temperate and rainy climate of central Europe. For this reasons, even rel-
atively minor modifications of the general circulation can lead to substantial changes in
the Mediterranean climate (Giorgi and Lionello, 2008). This makes the Mediterranean
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areas a potentially vulnerable region to climatic changes (Lionello et al., 2006; Ulbrich,
2006). Previous studies had found an annual decreases in precipitation: eastern part
(Kutiel et al., 1996), central part (Piervitali et al., 1998) and western part (De Luı´s et
al., 2000).
Alpert et al. (2002) conducted a coherent study of the full-scale of daily rainfall cat-5
egories over the Mediterranean in order to assess the paradoxical behavior character-
ized by an increase of extreme rainfall in spite of a decrease in the totals. The authors
showed that the torrential rainfall in Italy exceeding 128mmday−1 has increased by a
factor of 4% during 1951–1995. In Spain, extreme categories (light: 0–4mmd−1 and
heavy/torrential: 64mmd−1 and up) have experienced significant increase, differently10
than Israel and Cyprus where no significant trends were observed. It is clear how the
consequent redistribution of the daily rainfall categories – torrential/heavy against mod-
erate/light intensities – is of crucial interest, particularly in the semi-arid sub-tropical
regions, with regard to water management, soil erosion and flash floods impacts.
In Italy, Brunetti et al. (2001) analyzed 67 sites of daily precipitation records over the15
1951–1996 period. They investigated seasonal and yearly total precipitation, number of
wet days and precipitation intensity, and they studied the trends both at the single sta-
tion records and at some different area by using averaged series. The results showed
that the trend for the number of wet days in the year is significantly negative throughout
Italy, particularly stronger in the north than in the south, especially in the winter. They20
also showed a tendency toward an increase in precipitation intensity, which is globally
less strong and significant than the decrease in the number of wet days. In northern
Italy, such an increase is mainly owing to a strong increase in the heaviest events,
while in central-southern Italy, it depends on a larger part of the distribution of wet days
amounts.25
Sicily has been screened for several climate change signals as well: Aronica et
al. (2002) analyzed the series of maximum intensity for fixed duration (1, 3, 6, 12,
24 h) and annual daily maxima in the Palermo urban area, by estimating the maxi-
mum rainfall depth corresponding to a fixed return period using the EV1 distributions.
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They found out a global reduction of rainfall intensities, in disagreement with the re-
sults obtained by other authors. Annual maximum rainfall series of different durations
were also screened by Bonaccorso et al. (2005) by assessing the presence of linear
and non linear trends. They analyzed 16 series from raingauge stations mostly placed
in the eastern Sicily, and the results indicated that for short durations, historical series5
generally exhibit increasing trends while for longer durations the trends are mainly neg-
ative. Cannarozzo et al. (2006) analyzed annual, seasonal and monthly rainfall data in
the entire Sicilian region, showing a global reduction of total annual rainfall, which is
mainly due to the winter reduction.
Previous studies have demonstrated a clear reduction in annual rainfall, mainly con-10
centrated during the winter, which is in agreement with tendencies observed in South-
Mediterranean areas. However, there is a lack of knowledge on how and if rainfall
properties have changed during the last century. Although changes in rainfall extremes
may have tremendous implications on engineering design and flood risk assessment,
a comprehensive analysis on these changes is missing in scientific literature. Similarly,15
changes in daily rainfall intensity and frequency may have large impacts on ecosys-
tems, as investigated by Pumo et al. (2010); however analyses on changes in rainfall
properties are missing as well.
This study aims to provide a comprehensive investigation for understanding how
extreme events, daily rainfall and rainfall properties in Sicily have changed in the last20
century.
Particularly, the study analyzes the annual maximum rainfall for fixed duration (1,
3, 6, 12 and 24 h) and the daily rainfall series recorded from 1956 to 2005 in about
60 stations. The daily rainfalls are analyzed by classifying the events into differ-
ent intensity-based rainfall categories, namely Light, Light-Moderate, Moderate-Heavy,25
Heavy, Heavy-Torrential and Torrential precipitation. The number of occurrences and
the contribution of each class to the total precipitation are analyzed for assessing
signals of trend. Changes in frequency, at both the annual and the seasonal scale,
are investigated by analyzing the interarrival times between subsequent events. The
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presence of any significant trend has been detected using the non parametric Mann–
Kendall test.
The structure of the manuscript is as follows: Sect. 2 introduces the methodology and
the datased used in the analysis, providing a description of the adopted trend detection
test, the regional dataset and the derived rainfall variables screened for the analysis;5
Sect. 3 reports the discussion of the results, concerning each analyzed variables. Fi-
nally, the relevant conclusions arising from this study are reported in Sect. 4.
2 Methodology and dataset
2.1 Trend detection test
The non-parametric Mann–Kendall test (Mann, 1945; Kendall, 1962) is used in this10
study to detect any potential trend in the analyzed time series. The test identifies the
presence of a trend without making an assumption about the distribution properties and
it results being less influenced by the presence of outliers than the parametric tests.
The test statistic Kendall’s S (Kendall, 1962) is calculated as:
S =
n−1∑
i=1
n∑
j=i+1
sign
(
xj − xi
)
(1)15
where xi and xj are the data values at times i an j , n is the length of the dataset and
sign
(
xj − xi
)
=

1 if
(
xj − xi
)
> 0
0 if
(
xj − xi
)
= 0
−1 if (xj − xi) < 0 . (2)
Under the null hypothesis that there is no trend in the population and thus xi are in-
dependent and randomly ordered, the statistic S is approximately normally distributed
when n≥8, with zero mean and variance as follows:20
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σ2 =
n (n − 1)(2n + 5)
18
. (3)
The standardized test statistic Zs is computed by:
Zs =

S−1
σ if S > 0
0 if S = 0
S+1
σ if S < 0
(4)
and compared with a standard normal distribution at the required level of significance.
If the significance level αsig is set equal to 0.05, the null hypothesis is verified when5
|Zs|<1.96. A positive value of Zs indicates an increasing trend and vice-versa. Local
significance levels (p-values) for each trend test can be obtained from the fact that
p = 2
[
1 −Φ (|Zs|)] (5)
where Φ(·) denotes the cumulative distribution function of a standard normal variate.
The magnitude of trends is given by a non-parametric robust estimate determined by10
Hirsch et al. (1982):
β = Median
(xj − xl
j − l
)
∀ l < j (6)
where xl is the l -th observation antecedent to the j -th observation xj .
In order to verify the existence of any positive/negative serial correlation in the used
time series, we analyzed the lag-1 autoregressive process, AR(1), of all the series,15
obtaining an autocorrelation coefficient close to zero. This result allowed us to apply
the Mann–Kendall without processing a prewhitening procedure, which is required to
eliminate any possible noise affecting the trend results (Yue and Wang, 2002).
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2.2 The regional dataset
Sicily is the largest island in the Mediterranean Sea which extends over an area of
25 700 km2. Rainfall dataset has been selected from the regional database published
by Osservatorio delle Acque – Agenzia Regionale per i Rifiuti e le Acque (OA-ARRA)
which consists of annual maximum rainfalls for 1, 3, 6, 12 and 24h duration, daily rain-5
fall, and annual maximum daily rainfall. Rainfalls data were recorded at 365 raingauges
within the period 1929–2009. The samples size arising from the different stations varies
from 9 to 63 yr with a mean size equals to 28.5 yr. Location of raingauges and the spa-
tial distribution of the mean annual precipitation (Di Piazza et al., 2011) are shown in
Fig. 1a.10
A preliminary analysis has been made in order to identify the time window with the
highest number of running gauge stations. Figure 1b, on the left, shows the observation
matrix relative to the whole annual maximum rainfalls dataset; black pixels denotes
running raingauges while grey pixels are used for the not-working (i.e. intermittently
recording) raingauges. In order to identify the final dataset, two subsequent selections15
have been made on the initial dataset, based on two criteria: first, a time window with
at least about 60 running gauge stations per year has been identified; secondly, from
this selection, the stations that have recorded for less than 40 yr have been removed.
The resulting time window is shown in the left panel of Fig. 1b by the two vertical black
lines, characterized by 50 yr (1956–2005); the final subset is shown in the right panel20
of Fig. 1b and it counts 57 raingauge stations distributed over the whole region and
having an average sample size of 45.48 yr.
An overview of the rainfall series statistics is provided in Fig. 2 which shows, for each
gauge station, the mean and the standard deviation values of the annual maximum
rainfall time series for 1, 3, 6, 12 and 24 h duration and the total annual precipitation.25
In term of annual precipitation, data show a considerable variability, with mean val-
ues ranging from 400 to 1300mm. A less variant behavior is exhibited by the annual
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maximum series, where only the gauge station with ID=52 (located at Zafferana Et-
nea, Eastern Sicily) shows mean values much higher than the others stations.
2.3 Analyzed rainfall variables
The regional dataset identified in the previous section provides the rainfall time series
used in this study to identify signals of possible climate changes; in particular, some5
time series are used as they come from the dataset, with no need to pre-process the
data. This is the case of the annual maximum rainfall for fixed durations. In the case
of other variables, the dataset has been opportunely pre-processed in order to derive
the time series of interest for rainfall trend detection. In order to verify if and how daily
rainfall events have changed over time in frequency and intensity, an intensity based10
classification of daily rainfall has been adopted, by fixing different intensity thresholds
(in mmd−1) defining each class. Six daily rainfall categories are first used following
the same approach of Alpert et al. (2002), who classified rainfall intensity as power
of 2, starting from a value of 4mmd−1 (upper limit of the first class) to a value of
128mmd−1 (lower limit of last class) (classification A, Table 1). Classification includes:15
Light, Light-Moderate, Moderate-Heavy, Heavy, Heavy-Torrential and Torrential precipi-
tation classes. The choice of such a classification allows one to analyze several rainfall
categories and compare the results with those of other studies (Alpert et al., 2002).
However, due to the moderate characteristics of rainfall intensity in Sicily, this study
also considers a further more simplified classification based on 3 rainfall categories:20
Light precipitation (0.1 : 4mmd−1), Moderate precipitation (4 : 20mmd−1) and Heavy-
Torrential precipitation (≥20mmd−1) (classification B, Table 1).
The analysis has been carried out by assessing both the annual percentage of rainfall
events falling within each class (annual occurrences, %) and the annual contribution of
each class to the total annual volume (annual volume, %). This allows one to evaluate25
the presence of trends by focusing on each rainfall category.
From the daily rainfall series at site other rainfall characteristics have been derived
at both the annual and the seasonal scale. Particularly, the average rainfall intensity,
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the average rainfall frequency and the total precipitation have been considered. The
average rainfall intensity was calculated as the mean depth of the rainfall events, cor-
responding to the mean daily depth in days when precipitation occurs, named α and
measured in mm/rainy days; the average rainfall frequency was derived as the inverse
of the mean interarrival times between subsequent events, named λ and measured in5
rainy days/days; the total precipitation is the rainfall depth over the considered period.
At the seasonal scale, two seasons are considered within the year, based on the typ-
ical precipitation regime of Sicily and Mediterranean areas: dry season (from April to
September) and wet season (the remaining part of the year).
To summarize, the Mann–Kendall trend test has been then applied to the following10
annual time series: (1) extreme rainfall data (maximum rainfalls at 1, 3, 6, 12 and 24h
duration); (2) number of occurrences of daily rainfall events within the rainfall cate-
gories identified in classification A and classification B; (2) contribution of each rainfall
categories identified in classification A and classification B to the total annual precipi-
tation volume; (4) average rainfall intensity, α; (5) average rainfall frequency, λ; (6) total15
rainfall. Variables at points (2) and (3) have been analyzed at both the local scale (at
site) and the regional scale, by averaging the values over the stations; while variables
at points (4)–(6) have been screened at both the annual and the seasonal scale. For
variables at point (1), confidence level of Mann–Kendall test has been set at 95%,
(i.e. significance level αsig =0.05) and at 90% (αsig =0.1), while for remaining variables20
only αsig =0.05 have been considered.
3 Analysis and results
3.1 Extreme rainfall analysis
Application of Mann–Kendall test to the five annual maximum series for different dura-
tions may indicate possible duration-dependent trend existence in the extreme rainfall25
events over the Region. The results are globally shown in Fig. 3 on the left, which
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provides the percentage of stations exhibiting a positive trend (red), a negative trend
(green) or no trend (gray) for each selected duration and αsig =0.05. Although most
of the stations have shown no trend in their time series for all the considered dura-
tions, a significant positive trend occurs mostly for the shortest duration (1 h), detected
in about the 14% of raingauge stations. For the durations of 3, 6 and 12h, a positive5
trend has been detected in about the 4–6% of the stations, while for the 24 h duration
no station has exhibited a positive trend. A general behavior might be derived from the
above results, according to which the longer the duration, the lower the percentage of
stations with positive trend. This finding is better highlighted by the results obtained
for αsig =0.1 shown in Fig. 3, on the right; in this case, about the 25% of raingauge10
stations have exhibited a positive significant for the shortest duration (1 h) and this
percentage gradually decreases with the rainfall duration up to a percentage of 4%
for the 24 h duration. This result, extrapolated towards sub-hourly durations, suggests
that there could be an increasing of extreme events relative to such durations, similarly
to the cases studied by De Toffol et al. (2009) and Adamowski et al. (2010), which15
demonstrated the existence of trends in very short durations. On the other hand, the
percentage of stations showing a negative trend exhibits values ranging from 4–5%,
in the case of short durations, to 7%, in the case of longer durations. Moreover, the
percentage correlation with the duration is less pronounced than in the case of positive
trends analysis, rather showing almost a constant behavior with the duration. Even in-20
creasing the significance level, i.e. for αsig =0.1, the results confirm the independence
of the trend on the duration, maintaining about the same percentage values; indeed,
only for d equal to 1 and 6 h there are a few more stations exhibiting negative trend
than in the case of αsig =0.05 (respectively 1 and 3% of more stations) suggesting that
the results of negative trends are not sensible to the chosen significant level and that25
they are sufficiently significant. Finally, since the percentage of negative trend is almost
constant, while the one of positive trend decreases with the duration, it follows that the
percentage of raingauge stations not showing a significant trend increase with the du-
ration; in the case of αsig =0.05, values range from 82% (1 h) to 93% (24 h); while for
2334
HESSD
10, 2323–2352, 2013
Rainfall statistics
changes in Sicily
E. Arnone et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
αsig =0.1 the percentages are lower, ranging from 70% (1 h) to 88% (24 h). Similar
results were found out by Bonaccorso et al. (2005)’s work in which an increasing trend
was detected only for maxima precipitation at d =1 h; while decreasing trends were
detected at longer durations, with increasing percentages moving from 3 to 24 h. Since
size of dataset (number of raigauges) in the present study is much higher than that5
used by Bonaccorso et al. (2005), as well as much more distributed over the region
(57 vs. 16 mostly placed in eastern Sicily), results obtained here can be considered as
a sound and consistent confirmation of the previous results.
Spatial distribution of the Mann–Kendall test outcomes for the 5 considered durations
is shown in Fig. 4, only for αsig =0.05. Dots indicate raingauge sites, while the presence10
of a significant positive or negative trend at each station is denoted by a red or a green
circle, respectively, whose size is proportional to the trend magnitude (β). The top
left panel of Fig. 4 localizes the 14% of the raingauges which have shown a positive
trend for annual maximum rainfall with 1 h duration (see Fig. 3). Almost all of these
are located in coastal areas, many in the west part of the region and only one in the15
southern Sicily. The panels relative to the analyses for durations of 12 and 24h show
how the most relevant negative trends have been detected in time series from stations
located in the inland western part of the region.
Again, results suggest that the increase in short duration precipitation can be as-
sumed as a general behavior over the region, especially along the coastline. Moving20
from first panel (1 h) to the last (24 h), the number of stations exhibiting a positive trend
gradually decreases. At the same time different stations showing negative trend ap-
pear, whose magnitude increase with the duration. However, no well-defined spatial
pattern seems to be outlined by these results. Similar results have been found out for
αsig =0.1, here omitted for sake of simplicity.25
The increase of rainfall of short durations has important implications in the design
and verification of urban drainage systems, as well as of hydrological basin response,
especially for the small catchments typically present in Sicily, where the concentration
time is often lower than 1 h; the increase of extreme events leads to an increase of
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the basin streamflow and the hydrograph peak, with important consequences on the
dynamics of flood phenomena and their relative hazard.
3.2 Analysis of rainfall categories
The analysis here discussed considers the annual occurrences of daily rainfall events
within the rainfall categories identified in classification A and classification B; and an-5
nual contribution of each rainfall categories to the total annual precipitation volume,
at both regional and local scale. This analysis aims to verify if frequency of torrential
events and light events has either increased or decreased.
Regional results are summarized in Fig. 5 for both classification A (panels a and b)
and classification B (panels c and d), and for both the two variables.10
Each point of Fig. 5 represents the average over the region of the values of the
two analyzed variables obtained at site, calculated as a simple mean of those values
(percentage of annual occurrences of rainfall events within each class and percentage
of annual contribution of each class to the annual volume). Observations from Fig. 5a
suggest, as expected, that most of the annual occurrences belong to the class of light15
precipitation (class 1) with an average frequency of 60% over the entire time window.
In general, the higher the intensity (i.e. rainfall category), the lower the frequency of
occurrence. In fact, class 2 has an average frequency of 30% and class 3 of about
10%. Average frequency of the last three classes is less than 5%, and then daily
rainfall events with depth higher than 32mm can be reasonably considered as rare.20
The Mann–Kendall test, applied to each time series, have demonstrated that no trend
exists for such series, denoting a stationary behavior.
The rainfall contributions of each class to the total annual volume are shown in
Fig. 5b. Class 2 is the most significant in terms of rainfall contribution to the total volume
(an average of 40%). Class 3 is the only class exhibiting a statistically significant posi-25
tive trend, suggesting that the mean annual number of events with intensity belonging
to this class (16–32mmday−1) tends to increase. Classes 1, 4, 5 and 6 do not show
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significant trends, with a weak relative contribution to the annual total volume, given
their low frequency.
Similar observations come out from the analysis of rainfall events according to clas-
sification B, depicted in Fig. 5c and d. In this different classification, the class of light
intensity events is the same used in classification 1 (class 1), the second class (Mod-5
erate) embrace the class 2 and part of class 3 of classification A while the third
class (Heavy-Torrential events) included the remaining part of class 3 and the entire
classes 4, 5 and 6 of classification A. As a consequence, pattern in term of annual
occurrence is the same described before, up to the classes 4, 5 and 6, whose con-
tributions are re-distributed between class 2 and 3 of classification B. Despite this10
re-distribution implies a different behavior in term of contribution to the total annual
volume, also in this case no significant trend has been detected.
These results seem to be in disagreement with the findings of Alpert et al. (2002)’s
work, who conducted a similar procedure to the Italy as a whole, obtaining increasing
trends for Heavy-Torrential categories and decreasing trend for the weaker categories.15
However, it is important to highlight how the adopted regional analysis, based on aver-
aged values among the different raingauges, probably hides any local tendency, sug-
gesting that, most probably, in Alpert et al. (2002)’s work other regions than Sicily had
shown the most significant trends.
For this reason, changes over time of the two considered stochastic variables have20
been also investigated at a local level, i.e. for each station. For sake of simplicity, only
the results obtained for classification B, are here reported (Fig. 6), given that the anal-
ysis for classification A has provided similar results. In term of annual occurrences
(Fig. 6, first raw), a number of stations, mainly located in the north-western Sicily, ex-
hibits a negative significant trend, especially for class 1: this means that there is a25
decreasing tendency in the number of events leading light precipitation. Only two sta-
tions, far from each other, have shown a positive trend for light intensity events. How-
ever, moving from class 1 to class 3, several stations distributed over the region exhibits
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a positive trend, suggesting an increasing tendency in the number of heavy-torrential
precipitation events, in accordance with Alpert et al. (2002).
In term of annual volume (Fig. 6, second raw), the contribution of light precipita-
tion (class 1) tends to decrease in some stations (negative trend) and to increase in
some others (positive trend). Again, the north-western Sicily is the most interested by5
this change. Moderate precipitation (class 2), instead, shows a decrease in contribu-
tion to the total annual volume. Lastly, heavy-torrential precipitations tend to increase
their contribution to the annual volume in most of the stations showing a statistically
significant trend. This could be explained as a consequence of the heavy-torrential
occurrences increase.10
3.3 Analysis of rainfall properties
In this section, the trend analysis of daily rainfall properties are described in term of
average rainfall intensity and frequency, in order to verify the existence of any potential
change in such properties. The main results of the Mann–Kendall test application to the
different time series are synthesized in Fig. 7 where the percentage of stations show-15
ing statistically significant trends is reported at annual (YEAR) and seasonal (DRY and
WET) time scale. The results of the average rainfall intensity at the annual (αYEAR),
wet (αWET) and dry (αDRY) period are reported in the first row of Fig. 7. Results show
a decreasing trend of αYEAR in 75% of the considered stations, while the remaining
25% show no trend. Seasonal results are very similar to the annual ones: in the wet20
season, which consists of winter and fall months, the percentage of stations showing
negative trends is almost the same (i.e. 72%) while it slightly decreases in the dry pe-
riod (i.e. 65%). An important result depicted in the first row of Fig. 7 is thus that most
of the screened raingauge stations over the region have manifested a decreasing ten-
dency in the average intensity of the rainfall events at both the annual and the seasonal25
time scale while none of them has shown increasing trends.
The results of the analysis on the average rainfall frequency are shown in the second
row of Fig. 7 (λYEAR, λWET and λDRY). At the annual scale the most important outcome
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is that rainfall frequency does not show trends for 63% of the considered stations. A
considerable percentage, namely the 30%, show negative trend which means rarer
events, while in 7% of stations rainfall events are more frequent. These percentages
remain more or less constant in the wet season analysis. During the dry period, gen-
erally characterized by a lower rainfall events frequency, the percentage of stations5
showing no trend increases to 75%, while the remaining percentage of stations show-
ing trend is equally distributed between stations where the rainfall events tend to be
rarer (negative trend) and more frequent (positive trend).
The above discussed rainfall characteristics have also been combined and analyzed
in order to provide a comprehensive view on water availability at the annual and the10
seasonal time scale. For a given period, the product of the average intensity, the aver-
age frequency, and the duration of the same period provides the average total amount
of rainfall for that period (Total RainfallYEAR, Total RainfallWET and Total RainfallDRY).
The Mann–Kendall test application on the average total rainfall (third row of Fig. 7) has
shown how, at the annual time scale, the 70% of the considered stations show nega-15
tive trend, coherently with the outcomes of Cannarozzo et al. (2006). Water availability
in Sicily has decreased in the last century because of a generalized reduction of the
average rainfall intensity, as it has been shown in the first row of Fig. 7. In some cases
this reduction is dramatic because it is associated with a frequency reduction, while in
others it is mitigated by a frequency increase.20
The total rainfall in the wet period follows the annual behavior, with 72% of stations
showing negative trends and 28% showing no trends. In fact, since in this season it
is concentrated the largest part of the annual rainfall, it is expected that this tendency
is reflected at the annual scale. This season is crucial for Mediterranean ecosystems
because resupplies soil water content, which, in turn, represents a fundamental water25
reserve for facing the subsequent drier season, usually coincident with the growing sea-
son for vegetation. At the same time the water input arising from winter and fall months
is decisive for storage systems, which are demanded to transfer water resources for-
ward in time.
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4 Conclusions
According to the most recent climate predictions, Mediterranean ecosystems will prob-
ably face a radical modification of the climatic conditions in the next future due to the
Earth global warming, mainly related to the greenhouse effect. In Southern Mediter-
ranean areas the effects of climate changes are summarized in a rainfall reduction and5
a temperature increase.
This work has investigated potential modifications in the rainfall regime of Sicily, try-
ing to detect over historical records, any potential changes or trend in various rainfall
features, considering annual extreme events for different durations, daily rainfall se-
ries and corresponding properties at both the annual and the seasonal scale. A dense10
network of raingauge stations distributed over the region has provided an important
database of long rainfall series. The historical rainfall data, opportunely processed in
order to extrapolate the main average features, have been analyzed by using the non
parametric Mann–Kendall test with a significance level of 0.05, and in a case also with
significance level of 0.1. The results have provided an overview of potential trends15
identified in some characteristics of the rainfall at the regional and local level.
Analysis on annual maximum rainfalls at 1, 3, 6, 12 and 24 h have reveled a signifi-
cant increase in precipitation of short duration, especially for one hour rainfall, in agree-
ment with many scientific works (Adamowski et al., 2010; Bonaccorso et al., 2005; De
Toffol et al., 2009; Burn et al., 2011). Instead, the percentage of station showing a20
positive trend tends to decrease when increasing durations are considered. This ten-
dency has been clearly highlighted by the results at 90% confidence level. No clear
spatial pattern emerged from this analysis, even if coastal areas seem to be much
more affected by positive trends than internal areas. As the rainfall duration increase,
the percentage of stations with negative trends becomes slightly more relevant, with a25
decrease of rainfall volume for longer events, in agreement with results of Bonaccorso
et al. (2005).
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These results lead to important implications in flood risk management for many small
Sicilian catchments, whose concentration times are often lower than 1 h. In fact, the in-
crease of extreme rainfall in small basins implies an immediate increase of the basin
streamflow and the hydrograph peak, which, in turn, lead to important consequences
on the flood phenomena and the connected flood risk. It is clear how all these conse-5
quences will affect all the hydrological applications which make use of those variables,
such as the design of water engineering structures, with the effect to increase the cost
in the case of new structures and to increase the risk in the case of existing structures.
Daily rainfall time series have been screened firstly using two different threshold-
based classifications and analyzing the annual occurrences of rainfall events with in-10
tensity within each class and the annual contribution of each class to the total annual
precipitation. Results at site have shown an increase of the number of events per year
that can be classified as heavy-torrential precipitation in spite of a reduction of the
annual occurrence of light rainfall events. Moreover there is an increasing relative con-
tribution of such heavy precipitations to the total annual volume. When the results are15
averaged at regional scale, the strength of local outcomes vanishes, not showing sig-
nificant trend as well.
A high percentage of the Sicilian raingauge stations have shown a significant neg-
ative trend in the total annual precipitation, mainly due to a reduction of the seasonal
rainfall during the wet period (fall and winter). A similar percentage of stations have20
shown how all the rainfall events (during both the wet and dry season) tend to be
less intense, while very few stations are characterized by significant changes in the
frequency of rainfall events.
One of the immediate consequences of the rainfall reduction may be an increase
in the vegetation water stress (Pumo et al., 2010). All this could cause a significant25
modification of vegetation patterns characteristic of Mediterranean areas in the com-
ing years. Particularly, the water uptake dynamics of shallow rooted species quickly
respond to the water input changes, as for grasses species; it follows that theirs health
status is strongly related to the frequency of rainfall events regardless to the amount
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of rainfall of the previous period. On the other hand, water stored into the soil during
the winter period is often an important water resource for the subsequent dry period,
especially for woody species, which use the winter water stored in the deeper soil lay-
ers. It follows that, if the rainfall reduction will be concentrated during the wet season,
as emerges from this study, shallow rooted species could have some advantages over5
the deep rooted species.
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Table 1.Daily rainfall categories according to Alpert et al. (2002) (classification A) and proposed
in this work (classification B).
Classification A Classification B
Class Intensity Description Class Intensity Description
[mmd−1] [mmd−1]
1 0.1≤ I <4 Light 1 0.1≤ I <4 Light
2 4≤ I <16 Light-Moderate 2 4≤ I <20 Moderate
3 16≤ I <32 Moderate-Heavy 3 I ≥20 Heavy-Torrential
4 32≤ I <64 Heavy
5 64≤ I <128 Heavy-Torrential
6 I ≥128 Torrential
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(a)
(b)
Fig. 1. Location of raingauge stations over the Region and spatial distribution of mean annual
rainfall depth, from Di Piazza et al. (2011) (a). The running and the not-working (i.e. intermit-
tently recording) raingauges over the entire period of observation (1929–2009) – (b), on the
left – and selected dataset, i.e. stations (57) and time of observation (1956–2005) – (b), on the
right). Data are from the regional database published by Osservatorio delle Acque – Agenzia
Regionale per i Rifiuti e le Acque (OA-ARRA).
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Fig. 2. Statistical characteristics in term of mean value and standard deviation of the annual
maximum rainfall for 1, 3, 6, 12 and 24 h duration and of the total annual precipitation for each
raingauge station.
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Fig. 3. Percentage of raingauges showing a positive (red), negative (green) and a no trend
(gray) in the annual maxima historical time series for 1, 3, 6, 12 and 24h, and for significance
level αsig =0.05 (left panel) and αsig =0.1 (right panel).
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Fig. 4. Spatial distribution of the analyzed raingauges and trend sign and magnitude of annual
maxima time series exhibiting a significant trend for the five rainfall durations.
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(a) (b)
(c) (d)
Fig. 5. Daily rainfall analysis: rainfall contribution to annual occurrences from each class – (a)
and (c) – and to the total annual volume from each class – (b) and (d) – as regional average
over all the stations, based on classification A – (a) and (b) – and classification B – (c) and (d).
The presence of straight line indicated the trend existence.
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Fig. 6. Daily rainfall analysis: results from single rain-gauge station for the two considered
stochastic variables (contribution to annual occurrences and rainfall contribution to the total
annual volume from each class) and classification B. Here only the presence, either positive
(red circles) or negative (green circles), and the absence of trend (black points) are depicted.
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Fig. 7. Daily rainfall analysis: percentage of stations showing negative, positive or no signifi-
cant trend in average rainfall intensity (first row), frequency (second row) and in total rainfall.
Columns present annual (first), dry (second) and wet (third) period results.
2352
